Abstract: Tillage operations play an important role in soil manipulation processes. This paper aim to design a vibratory mechanism for agricultural tillage operation which would provide the desired motion and path to the cutting tool in the soil. A four-bar mechanism is designed through the principles of mechanism synthesis technique. The dimensions obtained are modelled and validated through MATLAB and MSC Adams to examine whether the tillage tool follows the required trajectory or not. Velocity and acceleration analysis are also studied for the designed mechanism. The study confirmed that the tillage tool followed the required sinusoidal path and completed the objective of vibratory tillage operation.
activities (Singh et al. 2014) . Among all the farm operations, tillage is one of the important operations which head the significant cost and energy expenditure in agriculture. Mechanization level for tillage operation is 30% (Soni and Ou 2010) which indicates that there is a huge scope of improvement to work in this area. Energy expenditure in tillage operation is next to irrigation (Singh 2010; Reicosky and Allmaras 2003) . Tillage or soil preparation plays a vital role in Indian agriculture. Mechanical manipulation of soil is done by using tillage tools or implements which makes the soil suitable for plant growth and development (Prem et al. 2016) .
Tillage tool can be classified into two types such as active and passive tools. Active tillage machines are those in which the tool is powered through the power take-off drive of tractor such as rotavator, power harrow, etc. But in the case of passive tillage machines, the rigid cutting tool is attached to the tractor through three-point linkage mechanism such as a mouldboard plough, disc plough subsoiler, and cultivator, etc. (Manian and Kathirvel 2001) . Among the active tillage systems oscillation or vibratory tillage concept has not been fully explored by scientists and engineers. Oscillation of tillage equipment was introduced since 1955 by Gunn and Tramontini. Tillage cutting tool oscillates with a particular mode of oscillation, amplitude, and frequency along the implement forward motion. The tool has a linear or arc motion concerning implement reference system, and the mode of oscillation may be horizontal, vertical or at some inclination in three-dimensional space (Rao and Chaudhary 2018) . Vibratory soil cutting tool has different phases such as cutting, breaking and movement of the soil. There are various soil cutting tools available for farmers, but among them, oscillating tools have several advantages as compared to rigid tillage tools. Reduced draft and traction requirements with better soil crumbling efficiency is observed by using this tool (Hendrick and Buchele 1963; Johnson and Buchele 1969; Harrison 1973) .
Introduction
Agriculture plays a vital role in the Indian economy and an increase in agricultural production is found due to improved mechanization levels. Indian farmers are classified based on the landholding capacity. The majority of Indian farmers are small or marginal landholders (< 2 ha) which indicates that there is a huge scope of development for improved agricultural farm machinery. Agricultural farm operations are followed by a sequence of operations such as tillage, seed sowing, fertilizer application, harvesting, threshing and post-processing 438 G. Rao, et al. 
Tool Trajectory
Experimental tillage tool trajectory path is shown in Figure  1 . Vibratory tillage tool has the following phases according to (Shahgoli et al. 2010) and is as explained below:
There are four important phases in one cycle of 0.3 seconds. 1.1.1 Cutting 1.1.2 Backing off 1.1.3 Catching up and end of the cycle
Cutting phase
The part of the oscillation cycle during which the tine tip and the front face penetrates into the uncut soil is called a cutting phase. The tool is oriented at a rake angle of 36 0 normally.
Backing off phase
The part of the oscillation cycle at which the tine's front face disengages from uncut soil and the tine goes backward through the loosened soil.
Catching up and end of the cycle phase:
The part of the oscillation cycle for negative and the zero oscillation angles where the tool is moving forward through the loosened soil and it continues until it reaches uncut soil part at the start of the cutting phase. This phase does not exist for positive oscillation angles. Thus, the designed mechanism should follow the different stages during operation in the soil.
Thus, the objective of the study is to design a four-bar mechanism through mechanical synthesis procedure to provide oscillating motion to the tillage tool which can ensure the tool to follow the different phases in the field and can contribute in improving tillage operations. This paper is organised as follows. In Section 1, a detailed introduction to mechanization need, tillage systems, vibratory tillage concept and tool trajectory is discussed. Section 2 discusses the three precision position analytical model. Results are presented in Section 3 followed by discussion in Section 4. In Section 5, Conclusion and further work suggestion are presented.
Material and Methods
A four-bar mechanism is designed for doing the vibratory tillage operation. Cultivator is used as a tillage tool for the cutting operation. To achieve the research objective, three precision points of the experimental tool trajectory were considered, and an analytical model of three precision positions is selected for analysis purpose. The mechanism designed is analyzed and simulated in MATLAB and MSC ADAMS. 
Three position synthesis analytical model
Four bar mechanism analytical model proposed by Erdman et al. (1991) for three precision position synthesis was adopted for vibratory tillage application to identify the dimensions required for four bar mechanism. Loop closure equations were utilized for the synthesis of three points selected. Three precision points were selected to choose the cutting phase in experimental tillage tool trajectory. A schematic diagram of a four-bar mechanism for left dyad is shown in Figure 2 .
Material and Methods
A four-bar mechanism is designed for doing the vibratory tillage operation. Cultivator is used as a tillage tool for the cutting operation. To achieve the research objective, three precision points of the experimental tool trajectory were considered, and an analytical model of three precision positions is selected for analysis purpose. The mechanism designed is analyzed and simulated in MATLAB and MSC ADAMS.
Three position synthesis analytical model
Four bar mechanism analytical model proposed by Erdman et al. (1991) for three precision position synthesis was adopted for vibratory tillage application to identify the dimensions required for four bar mechanism. Loop closure equations were utilized for the synthesis of three points selected. Three precision points were selected to choose the cutting phase in experimental tillage tool trajectory. A schematic diagram of a four-bar mechanism for left dyad is shown in Figure 2 . Figure 2 shows a four-bar linkage with coupler point located in its first precision position P 1 . Second and third precision position (P 2 and P 3 ) is also shown in the figure 2. Three positions are to be achieved by the rotation of crank as the input. The link 2 is defined by the position vectors Z1, Z2 and Z3 and angles β2 and β3 respectively. Linkage synthesis is a procedure to identify the unknown linkage dimensions. According to the global coordinate system, at the first precision point P 1 , makes the system easier for resolution. The position difference vectors δ2 is the position difference vector drawn from P 1 to P 2 and δ3 is defined as the position difference vector drawn from P 1 to P 3 respectively (Erdman et al. 1991) .
The following position difference vectors define the output motion of the coupler point P. dyad W1Z1 defines the left half of the linkage and dyad U1S1 describes the second right half of the linkage. Vectors Z1 and S1 are the part of the rigid coupler as shown in Figure 1 , that is link 3. The orientation of the vectors will be the same as the rigid coupler. Rotation of vectors will go through angle α2 from position 1 to position 2 and α3 from position 1 to position 3. Similarly, angle σ2 and σ3 are defined for the vector rotations from position 1 to position 2 and position 3 respectively.
We need to solve for dyads W1Z1 and U1S1 by vector loop equations as mentioned below. The loop closure equations for three precision points can be written as:
Left dyad: W (e Where δ2, δ3 are prescribed α2, α3, β2, β3, σ2, σ3 are considered as free choices and Wx, Wy, Zx, Zy, Ux, Uy, Zx, Zy are unknowns for the dyads. The complex equations from 1 to 4 can be solved by applying cramers rule as follows (Singh et al. 2017; Singh et al. 2018; Erdman et al. 1991 ).
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Synthesis and analysis of three position mechanism model
Three points were selected randomly from the experimental trajectory and synthesis procedure was carried out to identify the dimensions of four-bar mechanism which passes through the points selected in the trajectory. Velocity and acceleration analysis was carried out. The desired four-bar mechanism dimensions were obtained for the selected precision points. Mechanism dimensions were obtained from MATLAB program developed. The analysis of the designed four-bar mechanism was performed in MSC ADAMS software.
The link dimensions obtained for the four-bar mechanism for three positions obtained through MATLAB are as follows and shown in Figure 4 .
Results of MATLAB:
Position analysis of the designed mechanism was performed in MATLAB. The trajectory of the coupler point that is cutting tool while the tractor is moving in the forward direction is shown in Figure 5 . The positions of cutting tool as shown in figure 1 , varies from negative to positive values, this is because of the selected vibratory and experimental parameters in the field by investigator (Shahgoli et al. 2010 ) like frequency, amplitude, moisture content, soil type, bulk density of soil etc. But in our case,
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Results
Three points were selected from the experimental trajectory in the literature (Shahgoli et al. 2010 ). The points selected were from the experimental trajectory of the vibratory tillage tool. P 1 = 7.81+ 0*i mm; δ 2 = P 2 -P 1 P 2 = 71.661+23.863*i mm; δ 3 = P 3 -P 1 P 3 = 140.717+23.863*i mm; Position analysis of the designed mechanism was performed in MATLAB. The trajectory of the coupler point that is cutting tool while the tractor is moving in the forward direction is shown in Figure 5 . The positions of cutting tool as shown in figure 1, varies from negative to it is similar to experimental trajectory of literature and covers all the different phases of soil cutting which fulfils our objective.
Velocity and acceleration analysis of the designed mechanism is performed in MATLAB. The plot of time vs. velocity and acceleration of the cutting tool, while the tractor is moving in the forward direction, is shown in Figure 6 .
Results of the ADAMS analysis 4 Discussion

Three position synthesis
Three position synthesis of the four-bar mechanism is shown in Figure 3 . It can be seen that the cutting tool attached to the coupler end passes through the required tool trajectory points. Thus, the mechanism designed through the analytical synthesis technique as explained in section 2.2 concluded that the dimensions obtained for the four-bar mechanism would pass through the required points of the experimental tool trajectory taken from the literature (Shahgoli et al. 2010 ). 
Results of the MSC ADAMS
The ADAMS analysis is performed for the proposed mechanism in figure 4 to identify whether the cutting tool will follow the required path or not while moving. Therefore, same position, velocity, and acceleration pattern are observed for the mechanism.
The plot in figure 8 shows the tool orientation with the time for the required mechanism. Thus, it can be seen from the figure that tool follows the sinusoidal path which matches the trajectory phases in the Figure 1 explained from the literature (Shahgoli et al. 2010) . The coupler reaches a maximum value of 250 mm in MSC ADAMS simulation run and the mechanism in continuously running. Therefore, the time-period is also increasing. Velocity and acceleration are also following a sinusoidal
Results of the MATLAB
Position, velocity and acceleration analysis was performed for the four-bar mechanism proposed as shown in Figure 7 . The analysis identifies the required velocity, acceleration of the cutting tool.
Position analysis was performed to understand the tool trajectory while in operation. From the figure 5 it can be seen that coupler reaches a maximum value of 800 mm in cutting phase in the period between 0 to 0.15 seconds and during the tool backing off phase, tool reverts back from the cutting soil up to a maximum 400 mm in the period of 0.15 to 0.3 seconds. The cutting tool follows the phases explained in Figure 1 .
Velocity and acceleration analysis in figure 6 describes the required tool velocity and acceleration while operation in the forward motion. Maximum tool velocity in cutting phase is observed to be 260 mm/sec 2 and velocity to be 10 mm/sec. While in backing off phase tool acceleration and velocity is observed to be around -220 mm/sec 2 and velocity to be -8mm/sec respectively. Thus, more area is path. Acceleration is found to be 200 mm/sec 2 . The MSC ADAMS analysis aims to confirm whether the proposed mechanism for vibratory tillage operation performs the necessary motion and path or not. Thus, by ADAMS simulation run, it gets confirmed that mechanism follows the sinusoidal path and completes the required action for tillage operation.
Conclusions and further suggestions
A four-bar mechanism was designed and proposed through the synthesis technique for the required tillage operation. The four-bar mechanism designed was analyzed in MATLAB and simulated in MSC ADAMS to understand the tool orientation, velocity and acceleration requirement by the cutting tool. Thus, the mechanism designed can be used for the vibratory tillage operation in the soil. The further work is to fabricate the mechanism and test experimentally in the field for further confirmation.
